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Figure 2. Mutation spechum of acetaldehyde-treated single-stranded pMY 189
replicated in VA13 cells. The location and nature of independent single and
tandem {underlined) mutations are indicated below the sequence. The dashed
lines above the s1pF sequence represent independent mutants carrying multiple
mutations. Several tandem substitutions, present in these multiple mutants, are
urderlined, The ‘d" denotes deletion. The ‘ggg’ at the region from 102 10 105 bp
represents a GGGG to GGG base change. Another multiple mutation found in the
other region of supF gene was tandem GC(78, 79) to TA and C(127) to A.

Table 3. Types of single-base substitution in the supF gene in
acetaldehyde-treated shuttle vector

Table 4. Types of acetaldehyde-induced tandem base substitution in the supF
gene in double-stranded shuttle vector plasmids pMY 189 propagated in
human fibroblast cells WI3%-VA13

Type of mutation Ne. of mutations %
GGto TT(CCto AA) 40
GCto AA(GCtoTT)
GG to AT (CC to AT)

GG 1o CT{CC to AG)
GG to AA (CCto TT)
GG to TA (CC to TA)
GC to AT (GC to AT)

CG to GA(CG to TC)
CG to AA(CG to TT)
GA to TT(TC to AA)
Total
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Table 5. Types of acetaldehyde-induced tanderm base substitution in: the supF
gene in single-stranded shuttle vector plasmids pMY 189 propagated in human
fibroblast cells WI38-VA13

Type of mutation No. of mutations %
GCtoTA 8 47
GCtoTT 3 18
GCto AT 2 i2
GCto AA 1 6
GCto TG 1 6
GCto CT 1 6
CGtoTC 1 6
Total 17 100

Double-stranded Single-stranded
Type of No. of Type of No. of
mutation mutations {%%) mutation mutations (%)
G:CtoTA 9(37.5) GtoT 8{40)
CtoA 3(15)
G:.Cto C:G 1342 GtoC 00
CtoG 420)
G:Cto AT 2(83) Gto A 2(10)
CwT 1(5)
ATtoTA 00 AtoT 1(5)
Tto A 1(5)
Total 24 (100) Total 20 (100)

High sensitivity of nucleotide-excision repair deficient cells
to acetaldehyde

We compared the acetaldehyde sensitivity between normal
{(WI38-VAI3) and nucleotide excision repair-deficient
[XP205(SV)] cell lines (Fig. 4). XP205(5V) cells were slightly
sensitive to acetaldehyde compared with the normal cells. To
eliminate those effects of metabolism and cell toxicity that were
not due to DNA damage by acetaldehyde, we examined the
survival and mutations of acetaldehyde-treated double-stranded
shuttle vectors propagated in both WI38-VA13 and XP20S(SV)
cells (Fig. 5). Survival of the plasmids extracted from
XP20S(SV) was much lower than that of plasmids from
WI38-VA13 cells, and the mutation frequency in XP20S(SV)
cells at 0.5 M was five times higher than in WI38-VA 13 cells. These
results suggest that the DNA damage induced by acetaldehyde can
be repaired by the nucleotide excision repair pathway.

Binding of XP-A protein to acetaldehyde-treated DNA

The 3?P-labeled DNA was treated with acetaldehyde at a
concentration of 0, 0.5 and 1 M for 1 hat37°C and incubated with
various amounts of XP-A protein. If the DNA binds to the XP-A
protein, radioactivity remains the on filter. As indicated in
Figure 6, binding of the XP-A protein to the acetaldehyde treated
DNA is dependent on the amount of XP-A protein and the
acetaldehyde concentration. When no XP-A protein was added to
the reaction mixture, the radioactivity retained by the filter was
0.6, 2.9 and 14.6% for acetaldehyde concentrations of 0, (.5 and
I M, respectively. When 10 and 20 ng XP-A protein were added,
this was increased to 2.7, 8.6 and 50.1%, and 3.7, 12.6 and 56.4%,
respectively. This result shows that the XP-A protein recognizes
the DNA damage induced by acetaldehyde,

DISCUSSION

Acetaldehyde induces GG to TT (or CCto AA) tandem mutations
in double-stranded shuttle vectors. It is difficult to imagine DNA
lesions that induce tandem mutations except by way of intra-
strand crosslinks, UV light induces CC to TT (17,18), and
cis-diamminedichloroplatinum(Il) induces GG to TT tandem
base substitutions (16). It is well known that UV light induces
cytosine dimers and cis-diamminedichloroplatinum(Il) induces
G-G intra-strand crosslinks (19). Metal-induced oxygen radicals
also induce GG to AA tandem mutations {20) and are believed to
induce intra-strand crosslinks (21). Our results show that
acetaldehyde fonms intra-strand crosslinks in adjacent guanine
bases. Adenines would be incorporated at the opposite sites of
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Figure 3. (A) Scheme of crosslink assay. The sequences of oligonuclectides
used in this assay are as follows: primer 1, dTTAACGCGAATTTTAACAAA)
(biotinylated); primer 2, dTCGTGACTGGGAAAACCCTG); oligo 1, d(TC-
GTGACTGGGAAAACCCTG); oligo 2, ((GCGTTACCCAACTTAATCGC),
olige 3, d(GCGTTACCCAACTTAATCGC); olige 4, (CCTTGCAGCACAT-
CCCCCTT:; oligo 5, d(GCGCGTTACCCAACTTAATCG); oligo 6, d(CTTGC-
AGCACATCCCCCTTT). Step 1: the 175 bp region of pBluescript KS(-) was
amplified by PCR using primer 1 and 2, and the PCR products were bound to
Dynabeads. Step 2: the Dynabeads were washed with NaOH to make the
175mer single-stranded DNA. Step 3: the 32P-labeled oligo 1 and non-labeled
oligo 2 were annealed with the 175mer single-stranded DNA for detecting
intra-strand erosslinks between adjacent guanine bases. Altemnatively, the
32p.laheled oligo 3 and non-labeled oligo 4, or the 3ZP-labeled oligo § and
non-labeled oligo 6, were also annealed to detect CC- or GC-intra-strand
crosslinks, respectively. Step 4: the substrates were treated with acetaldehyde.
Step 5: the treated substrates were subjected to electrophoresis on 12%
polyacrylamide gel (50% urea, 1x TBE) and the gel was autoradiographed.
(B) Result of the crossliuk assay. The substrates that were designated to detect
ntra-strand crosslinks between adjacent guanine bases (GG), adjacent cytosine
bases (CC)and adjacent guanine and cytosine bases (GC) were treated with or
without 2 M acetaldehiyde for 48 h at 4°C and were subjected to the denatured
gel electrophoresis. 32P-labeled 40mer oligonucleotide was also used as a
molecular weight maker (M. W.).
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Figure 4. Survival curves of normal (VA13 ) (O) and XP-A [XP20S(SV)] (*}
cells treated with acetaldehyde. Three plates were used for each data point and
the error bar represents standard deviation. Except for one point, the etror bars
were too small to show.

crosslinked guanines at DNA replication, which resulted in GG
to TT tandem base substitutions. The chemical structure of this
crosslink is still unknown. Chaw ef al. showed that formaldehyde
forms (-NH-CH3-NH-) crosslinks between G-G, G-C, A-C,
A-G and A-A (22). Acetaldehyde should form DNA crosslinks
by a similar mechanism to formaldehyde, i.e. it should form
covalent bridges between amino groups of DNA bases. Cytosine
and adenine, as well as guanine, have amino groups in their
molecules. Although we could not detect crosslinks at a 5°-GC-3”
site in our assay system, a little crosslink must be formed at this
site, which leads to tandem mutations at 5°-GC-3’ sites. In
single-stranded shuttle vectors, different from in double-stranded
vectors, acetaldehyde does not induce GG tandem mutations, but
induces GC tandem mutations. The types of GC tandem mutation
are also different. We have no clear explanation of these
observations, but it may depend on the difference of (i) the
three-dimensional structure, (ii) DNA replication mechanisms
and (iii) DNA repair mechanisms, between single- and double-
stranded shuttle vectors.

Acetaldehyde is commonly present in many organisms.
Therefore, it is not surprising that organisms have repair
pathways for acetaldehyde-induced DNA damage. Results from
the cell survival, shuttle vector mutagenesis and XP-A protein-
binding assays strongly suggest that the human nucleotide
excision repair system is involved in the repair of the acetalde-
hyde-induced DNA damage. In the cell survival assay, XP cells
were slightly sensitive to acetaldehyde compared with normal
cells, but the difference of sensitivity was not as distinct between
the two cell lines. The reason should be that DNA damage is not the
only biological lesion induced by acetaldehyde. Since acetaldehyde
is reactive with the amino residue, it may react with proteins, amino
acids and RNA molecules, as well as DNA molecules.

Since treatment with acetaldehyde produces very specific base
changes in DNA, these changes can be used as a probe to show
acetaldehyde as a causal agent in human tumors. The majority of
human cancers have point mutations in the p53 tumor suppressor
gene (23), and the specificity in the types of mutations in this gene
may be related to causal environmental agents; e.g. the CC to TT
tandem double mutations in skin tumors to UV sunlight
(17,1%,24,2%), and the G to T transversions in liver tumors to
aflatoxinBl (26,27). The database of p53 gene somatic mutations
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Figure 5. (A) Survival of acetaldehyde-treated pMY 189 replicated in normal
(VA1) (©) and XP-A [XP20S(SV)] (®) cell lines. The relative number of
ampicillin-resistant bacterial colonies obtained after repair and replication of
acetaldehyde-treated pMY189 in the cells followed by transformation of the
indicator E.coli is shown. (B) Mutation of acetaldehyde-treated pMY189
replicated in normal (VA13; O) and XP-A [XP20S(SV); #] cell lines. The ratio
of nalidixic acid-resistant bacterial colonies versus total bacterial colonies,
obtained after repair and replication of acetaldehyde-treated pMY189 in the
cetls followed by transformation of the indicator E.cofi, is shown. The data
show mean values from three independent transfection experiments for each
cell line, and the eror bar represents the standard deviation.
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Fignre 6. XP-A protein binding assay to acetaldehyde treated DNA. One ng of
32p.1abeled DNA, either untreated (O), acetaldehyde-treated at 37°C for 1 h
with a concentration of 0.5 M{A) or ! M {[), was incubated with punified XP-A
protein in the presence of excess amount of BSA (5 pg). DNA bound to protein
was collected on nitrocellulose filters.

in human tumors and tumor cell lines (28) was searched, Of 4496
mutations in the p53 gene in the database, only three GG to TT (or
CC to AA) tandem base substitutions were found. Five GC to TT
{or GC to AA) and three GG to AT (or CC to AT) tandem base
substitutions were also found in 4496 mutations. Five of these
tandem base substitutions were found in the respiratory tract cancers
and one was found in a stomach cancer. Although no details of the
smoking and drinking histories of the subjects concemed were
given, these mutations may be related to smoking or alcohol
consumption. A recent finding indicates that human aldehyde
dehydrogenase gene (ALDH2) penotype is related to esophageal
cancer risk (29). A study of the relationship between the tandem
base substitutions in esophageal tumors and epidemiological and
genetic properties of the patients, such as smoking and drinking

habits and ALDH2? genotypes, may reveal the significance of
acetaldehyde on the development of human tumors.
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Molecular analysis of mutations induced by 2-chloroacetaldehyde,
the ultimate carcinogenic form of vinyl chloride, in human cells

using shuttle vectors
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Vinyl chloride (VC) is a carcinogen associated with human
and animal cancers. The ultimate carcinogenic form of
VC, 2-chloroacetaldehyde (CAA), has been suspected to be
mutagenic and we confirmed the mutagenicity of CAA
using a modified shuttle vector plasmid. Base sequence
analyses of 109 mutant plasmids with mutations in the
supF gene, which were treated with CAA and propagated
in the cultured human cells, revealed that more than half
of the single base substitutions were G:C to A:T transitions
with eight hotspots. The majority of the mutations invelving
G:C base pairs were in 5-AAGG-3' or 5-CCTT-3'
sequences suggesting that these sequences are the main
targets of mutagenesis caused by CAA.

Introduction

" Vinyl chloride (VC*) is orie of the widely used raw materials
in the polymer industries. Many epidemiological studies and
case reports have demonstrated that VC is associated with
cancers in liver, brain, lung and the haematolymphopoietic
system. The IARC working group classified VC as belonging to
Group 1, which represents the substances with carcinogenicity
supported by sufficient evidence in humans and animals (1,2).

Vinyl chloride is metabolized by the cytochrome P450-
dependent monooxygenases to 2-chloroethylene” oxide and

then rapidly converted to 2-chloroacetaldehyde (CAA) in

mammalian livers (3). 2-Chloroacetaldehyde reacts with DNA
bases in vitro, resulting in production of four known cyclic
adducts: 1,N%-ethenoadenine (eA), 3,M*-ethenocytosine (€C),
N2,3-ethenoguanine (N2,3-£G) and 1,M2-ethenoguanine (1,N2-
£G) (4). These cyclic adducts were detected in liver DNA in

rats following exposure to VC (5,6) and have been shown to.

cause mutations (7-13).
Recently, mutations involving G:C to A:T transitions in the
second nucleotide at codon 13 in the c-Ki-ras-2 gene were

detected in liver angiosarcomas in VC plant workers (14).

This type of mutation could be specific to VC since the same
type of mutation was found in bacteria exposed to VC (9-
13,15). We intend to confirm whether this VC specific mutation
arises in human cells,

The shuttle vector plasmid, pZ189 (16) and its derivative
pS189 (17) and pYZ289 (18) have been widely uscd_in
assessing the carcinogen-induced mutations in mammalian

*Abbreviations: VC, viny! chloride; 'CAA. 2-chlomacetaldeh3:'de: IPTG,
isopropyl-B-p-thiogalactoside;  X-gal, 5-bromo-4-chloro-3-indoy!-B-p-
galactoside; PBS, phosphate buffered saline.
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cells, Each type of the plasmid carries a bacterial suppressor
tRNA gene, supF, as a target gene for mutagenesis. The supF
gene is small enough (176 base pairs) to facilitate rapid
sequence analysis in many samples. We constructed a new
shuttle vector plasmid, pMY 189, by modification of the plasmid
pZ189 to make the plasmid sequence suitable for the fluores-
cence dye primer cycle sequencing method.

We treated the shuttle vector plasmid pMY189 with CAA,
the ultimate carcinogenic form of VC and transfected the
plasmids to human fibroblast cells. The plasmids containing
mutations in the supF gene were detected with the indicator
bacteria system developed by Akasaka er al. (19) and the
mutations were analyzed by the automatic DNA sequencing.

Materials and methods

Chemicals

2-Chloroacetaldehyde, ampicillin, chlorarnphenicol, nalidixic acid, isopropyl-
B-D-thiogalactoside (IPTG) and 5-bromo-4-chloro-3-indoyl-f-p-gatactoside
(X-galy were obtained from Wako Chemicals (Osaka, Japan). Restriction
endonucleases and other enzymes were obtained from Takara Shuze (Kyato,
Japan). QIAGEN plasmid-kit and Wizard™ Minipreps DNA Purification
Systems were purchased from QIAGEN Inc. (Chatsworth, CA} and Promega
(Madison, WI) respectively.

Celis ]

SV40-transformed human fibroblast cell linds were used. A normal human
cell line WI38-VA13 (20) was obtained from the American Type Culture
Collection (Rockville, MD). DNA repair deficient XP205(8V) cells were
previously established by us from a Japanese group A XP patient (21). All
cells were cultured in Dulbecco’s modified minimum essential medium
(Nikken, Kyoto, Japan) supplemented with [0% fetal bovine serum (Hyclone,
Logan, UT).

Plasmid construction

The shuttle vector plasmid pZ189 was maodified to be direcily applied to the
dye primer cycle sequencing method followed by the automatic DNA
sequencing by a 370A DNA sequencer (Applied Biosystems, Foster, CA).
Two 42-mer oligonucleotides were synthesized by a 380B DNA synthiesizer
(Applied Biosystems). One contains the sequence of the —21M13 fluorescent’
dye-labelled universal primer (5'-TGTAAAACGACGGCCAGT-3') which is
commercially available (Applied Biosystems) (5'-GACGAATTCTGTAAAA-
CGACGGCCAGTGAGCTCGAATTCTTG-3"). The other is its complementary
sequence, (5-CAAGAATTCGAGCTCACTGGCCGTCGTTTTACAGAAT-
TCGTC-3"). Both oligomers contain EcoR1 restriction sequences (5'-GAATTC-
3) at their 5°- and 3'- ends and a Sacl restriction sequence (5'-GAGCTC-
3'). Twenty micrograms each of these oligomers were annealed by heating
and cooling in a solution of 750 mM NaCl and 75 mM Na; citrate. After
ethanol precipitation, the annealed fraction (double strand DNA) was digested
with EcoRI and inserted into the EcoR] site of pZ189 with T4 DNA ligase.
The direction of the inserted oligomer was confirmed by the Sacl digestion
and the DNA sequencing. The modified pZ189 was named pMY 189 (Figure 1).
Bacterial strains o i

The indicator Escherichia coli strain KS40/pKY241 (19) was kindly supplied
from Dr S.Akasaka, Division of Industrial Health, Osaka Prefectural Institute
of Public Health, Osaka, Japan. K840 is a nalidixic acid-resistant (gyrA)
derivative of MBM7070 [facZ (am) CA7070 lacY! HsdR HsdM A (araABC-
lew)7679 gall galK rpsL thi] (22}, which has been used for detection of the
mutated pZ189. Plasmid pKY241 was constructed by Akasaka ef al (19) and
contains a chloramphenicol resistant marker and a gyrA (amber) gene.
Escherichia coli KS40/pKY241 cells carrying the active supF gene are
sensitive to nalidixic acid, whereas the cells carrying the mutated supF form
colonies on plates containing nalidixic acid, chleramphenicol and ampicillin.
To ensure the selection of the mutated supF gene, IPTG and X-gal were
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added to the selection plates. Escherichia cofi cells containing the active supF
gene produce blue colonies, whereas cells having the mutated supF gene
produce white or light blue colonies.
Treatment of plasmids with CAA and transfection to human cells
Purified stocks of pMY18% were prepared by using the QIAGEN plasmid
purification kit. The plasmids (40 p1g) were treated with various concentrations
of CAA in 0.3 M sodium acetate in total volume of 0.5 ml. The reaction was
allowed to proceed for 1 h at 37°C followed by ethanol precipitation of the
plasmids to remove the nonreacted excess CAA and the plasmids were
redissolved in 0.5 ml of TE buffer (pH E).

The human cells, WI38-VAL3 or XP20S (SV) were trypsinized, washed
and suspended in Dulbecco'’s phosphate-buffered saline (PBS) solution (pH
7.5). Cells (2x107) lus 14.4 pg CAA-treated pMY189 in PBS solution (0.2

5-GACGAATTCTGTAAAACGACGGCCAGTGAGCTCGAATTCTTG-3
3-CTGCTTAAGACATTTTGCTGCCGGTCACTCGAGCTTAAGAAC-S!

digested by EcoRI {}

5-AATTCTGTAAAACGACGGCCAGTGAGCTCG
GACATTTTGCTGCCGGTCACTCGAGCTTAA-5

PBERIZ? ori

$v40
T antigen

" $va0 oni

pMY189

Fig. 1. Construction and the structure of the shuttle vector plasmid

MY 189. Two 42 mer oligonucleotides, one of them containing a sequence
of =21M13 5'-fluorescent dye-labelled universal primer for the automatic
DNA sequencing, were annealed and digested by EcoRl, and ligated into
the EcoRlI site of the pZ189.

ml) were placed in an electroporation chamber (electrodes 0.3 em spart} (PDS
Inc. Madison, WI) and the cells were transfected with the plasmids by electric
pulses (600 V, 5X). The cells were plated in five |0 cm dishes and incubated
at 37°C for 72 h in a CO; incubator.

Plasmid recovery, selection of mutated supF and DNA sequencing

Plasmids were extracted From the cells using Wizard™ Minipreps DNA
Purification Systems (Promega, Madison, W1). The purified plasmids were
digested with the restriction endonuclease Dpnl (Boehringer-Yamanouchi,
Tokyo, Japan) to eliminate the nonreplicated plasmids which retain the
bacterial methylation pattern.

Plasmid DNA was introduced into the indicator bacteria KS40/pKY241 by
the electroporation apparatus E.coli Pulser (Biorad, CA). The bacterial cells
were plated in LB agar containing nalidixic acid, ampicillin, chloramphenicol
at concentrations of 50, 150 and 30 pg/ml respectively, supplemented with
IPTG and X-gal to select the plasmids containing the mutated supF genes. A
part of the cells was plated on LB agar containing ampicillin and chlorampheni-
col to measure the total number of transformants. After 24 h incubation at
37°C, colonies were counted and mutation frequencies were calculated.

Mutated plasmids were extracted and purified from the overnight culture
with the Wizard Minipreps Purification System (Promega) and the base
sequences of the supF gene of the plasmids were determined with the —2IM13
primer and Dye-Primer Cycle Sequencing Reagent Kit using a 370A automatic
DNA sequencer (Applied Biosystems).

Results

Plasmid mutagenesis

2-Chloroacetaldehyde treatment of the pMYI189 plasmids
increased the frequency of mutation in the supF gene in
both repair-proficient and repair-deficient cells (Table I). The
background plasmid mutation frequency was 2.2 and 1.4X10*
with VA13 and XP-A cells respectively. The mutation fre-
quency increased similarly in both cell lines following treat-
ment of the plasmid with CAA; and ~7- and 40-fold increases
with 0.13 and 0.51 M CAA respectively, were observed.
Base sequence analysis

Analysis of 109 supF mutant plasmids transfected to the repair
proficient cells was carried out by the nucleotide sequencing.
Base sequence changes in plasmids were classified as single
base substitutions, tandem base substitutions, multiple base
substitutions (2 = base substitutions more than three bases
apart), frameshifts (single base insertions or deletions) and
large deletions (Table II). Large deletions (average deleted
sequence, 113 base pairs; range, 26-184 base pairs) were
found in 10% of the plasmids and 14% of the plasmids
contained the multiple base substitutions. The tandem base
substitutions and the frameshift mutations were scarce. The
rest (72%) contained the single base substitutions.

Among the mutant plasmids with single base substitutions,
90% were the substitutions of G:C base pair (Table III). The
most frequent type of the base substitution mutations was G:C
to A:T transition (54%). Other types of the base substitutions

Table I. Mutation frequency of CAA-treated plasmids pMY 189 propagated in normal or xeroderma pigmentosum fibroblasts

Concentration of WI38-VA13 XP20S(SV)
CAA (M)
No. of colonies No. of colonies
Mutant Total (X lO“J Mutation frequency Mutant Total (X 10% Mutariun frequency
(x 107% (X 107
0 85 = 71 38.0 2202 23+ 19 1.6 14x12
0.13 1513 = 11.9 10.2 14912 160.7 = 18.3 12.1 13315
0.26 241.0 = 238 1.3 3.4 = 3.1
0.51 989.0 = 61.7 16.7 502 +37 1540 + 45 2.8 353216

Average colony numbers from three independent experiments are given with the standard ervor of the mean.
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were G:C to T:A transversion (30%), G:C to C:G transversion
(6%), A:T to G:C transition (9%) and A:T to T:A transversion
(1%). No single base A:T to C:G transversion was detected.
Figure 2A shows the targets of the single base substitutions
in the supF gene, compiled from the previous reports
(16,17,23-39). Among the reported 93 target sites (* in Figure
2A), 54 sites are present in G:C base pairs and 39 sites are
present in A:T base pairs. The proportion of the base substitu-
tion at G:C base pairs is higher than that at A:T base pairs,
even when the difference of the number of target sites between
G:C and A:T base pairs is adjusted (Table III).

Mutation spectra

Distribution of the single base substitutions and tandem or
multiple base substitutions' in the supF gene with the repair
proficient cell is also shown in Figure 2A. Eight sites
(123,133,134,156,159,160,168 and 169) had four or more
single base substitutions. Most of the single base substitutions
(91%) were produced at these hotspots. Seven of the eight
hotspots were located at G:C base pairs. Five G:C to A:T or
G:C to T:A hotspots (123,159,160,168 and 169) are located at
G:C base pairs in 5’-AAGG-3' sequences. '

All multiple base substitutions were found in separate
positions, except one tandem base substitution {Figure 2B).
There are 15 two-base substitutions and one three-base substi-
tutions.

Discussion

Plasmids pMY189 treated with CAA yielded the same fre-
quency of mutations when they were propagated in XP-A and
normal cells, suggesting that the DNA damage induced by
CAA is not repaired by the nucleotide excision repair pathway
in human cells. This was supported by the preliminary experi-

Table I1. Types of mutations in the sﬁpF gene in CAA-treated shuttle
vector plasmids pMY [89 propagated in human fibroblast cells WI38-VAL)

Type of mutation No. Percentage of total

Base substitution

Single base substitution 78 71.6

Tandem base substitution 1 0.9

Multiple base substitution 15 13.8
Frameshift

Single base insertion 0 0.0

Single base deletion ! 0.9
Deletion over 3 base pair 12 10.1
Others 2 1.8
Total - 109 100

Table IIL. Types of CAA-induced single base substitutions in the supF gene
in shuttle vector plasmids pMY 189 propagated in human fibroblast cells
WI38-VAI3

Type of No. (%) of No. of mutants/target
mutation mutants site* (%)

GCto AT 42 (53.8) 0.778 {51.8)
GCloT:A 23 (29.5) 0.426 (28.4)

G:Cto C:G 5 (5.4) 0.093 (6.2)

ATt GC 7 (9.0) 0.179 (11.9)
ATwTA 1(1.4) 0.026 (1.7)
ATiwCG 0 (0.0) 0 (0.0

Total 78 (100) 1.502 (100)

“Numbers of targets of the single base substitution mutations in the supF
gene are 54 at G:C pairs and 39 at A:T pairs.

Analysis of 2-chloroacetaldehyde induced mutations

ment indicating that the survival of the CAA-treated pMY 189
plasmids introduced in E.coli MBM7070 (wild type} and KY46
(uvrA) were the same (data not shown).

CAA-induced DNA adducts were reported to be repaired
by a human 3-methyladenine DNA glycosylase (40,41), sug-
gesting that DNA repair other than the nucleotide excision
type may be involved, )

In mutation spectra of the single base substitutions, 72 out
of 78 (92%) were located in the eight mutational hotspots
among 93 mutation target sites in the supF gene. There are
four 5'-AAGG-3' or 5'-CCTT-3' sequences in the supF gene
(positions 68-71, 120-123, 157-160 and 168-171). Fifty-
seven out of 78 (73%) single base substitutions were located
at G:C pairs in these 5'-AAGG-3' or 5'-CCTT-3' sequences.
This suggests that G:C pairs in the 5'-AAGG-3' or 5'-CCTT-
3’ sequences are the major mutational targets by CAA. The
sequence 5'-AAGG-3' on position 68-71 was not mutated.
However, no mutation at position 70 and only two mutations
at position 71 have been reported previously, suggesting that
these sites are phenotypically silent or may be protected from
attack by the chemical caused by the secondary structure of
the gene. The possibility that we isolated sibling mutants is
unlikely, because we took 109 colonies out of about 3000
mutant colonies and no identical mutation was found in the
tandem and multiple base substitutions, frameshifts and dele-
tion mutations. We do not know why such a high sequence
specificity is achieved. DNA damage may be induced or DNA
repair may be blocked selectively on this sequence by unknown
mechanisms.

G:C to A:T transition mutations are predominant (53.8%),
supporting the previous findings that chloroethylene oxide-
treated E.coli (15) and CAA-treated gapped duplex M13 DNA
(13) had mainly G:C to A:T transitions. The adducts which
can cause mutations in G:C base pairs could be the 3N
ethenocytosine (C) and the N2,3-ethenoguanine (N?3-gG).
The N2¢,3-£G:T mismatch caused G:C to A:T transitions in an
in vitro DNA replication experiment (8). Site specifically
incorporated N%,3-¢G in the M13 double strand DNA resulted
in G to A transitions (11) and site specifically incorporated
£C in the M13 single strand DNA (9) or gapped duplex DNA
(10,12) led mainly to C to T transitions. These reports and
our experiment suggest that the major contributors to the G:C
to A:T transitions induced by CAA in human cells are £C and
N2,3-¢G.

The previously published data of the mutations in G:C base
pairs induced by CAA or its related cyclic adducts are
summarized in Table IV. Compared with other studies using
M13 phage, our results show relatively high frequency of G:C
to T:A transversion mutations. It may reflect the different
mechanisms of the DNA repair or the mutation fixation in
E.coli and human cells, since the similar difference was
observed in UV-induced mutations in M13 and human cells
(33,42).

The published data of the mutations in A:T base pairs
induced by CAA or its related cyclic adducts are summarized
in Table V. The predominance of A:T to G:C ftransition

" mutations in our data supported the previous findings that

site-specifically incorporated €A and 4-amino-5-(imidazole-2-
yhimidazole (B) in single strand M13 DNA induced mainly
A:T to G:C transitions (9) in E.coli. The data of mutations in
the CAA-treated M13 gapped duplex DNA replicated in E.coli,
however, showed the predominance of A:T to T:A transversions
(13). In addition to the difference in the mechanism of the
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Fig. 2. Locations of the single (A) and tandem &nd multipte (B) base substitution mutations found in the supF suppressor tRNA gene in CAA-treated
plasmids pMY 189 propagated in WI38-VA13 cells. Each letter under the sequence represents a single base substitution mutation found in an independent
plasmid (A). Multiple base substitutions are shown in (B). Positions of the targets of the single base substitutions which inactivate the suppressor function are
as follows [Position (Ref.)]: 42(16), 43(16,39), 45(16), 46(16), S0(16, 38), 53(28), 59(39), 62(39), 63(16), 65(16,24,26), 71(16,26), 77(16,31), 80(24),
93(24,26), 99(24,26,34), 100(16), 102(16,17,25), 103(16,17,37), 104(16,17,33,37), 105(16,17,37,33,38). 106(16,34,38), 107(37), 108(16,23,26,31,36-39),
109(16,17,24-26,29,31,33,34,37), 100(16,25,30,31,36), 111(16,23,26,30,37), 112(16,17,29,30,33,34,37,38), 113(16,17,23,25,26,31,34,37,38), 114(16,26),
115(16,17,25,29,37,38), 116(16,17,25,26,29,31), 117(16,36), 118(16,24,34), 119(16,34), 120(16,24,31,33-35,37,38), 121(27,3T), 122(16,25,31,34,36,37).
123¢16,17,23-26,32-34,37-39), 124(16,17,24,33,34,36,38,39), 125(16,37), 126(16,37), 127¢16,17,25,29,33,34,37,38), 128(30), 129(16,17,24-26,31,32,34,35),
130¢37), 132(16,34,37), 133(16,17,24-27,29,31-34,38), 134(16,27,31,33,34,37-39), 135(16,27,31,33-35,38,39), 136(16,17,24,26,27,29,31,33-37,39),
137(16,17,31,33,34), 138(37), 139(16,17,24-26,29,33-35,37,38), 140(16,24,25,30,34), 141(16,25,33,34,37,38), 143(16.25), 144(16,17,24,26,29,33,34,37},
145(37), 147(35), 148(Akasaka et al., in press), 149(26,33,35), 150(16,31.37), 151(37), 153(37,39), 154{16,31,35,37), 155(16,17,23,25,26,29,31-37,39),
156(16,17,23-26,31-39), 157(37), 158(16,31,34,37), 15%(16,17,23~26,29,31-39), 160(16,17,23-27,29,30,31,33,34,38), 161(16,27,33,34,37),
162(16,25,27,34,36,37), 163(16,31,32,37), 164(16,17,24-26,29,31,33,34,36,37,39), 165(16,25,31,33,34,36,37), 166(27,37), 167(16,37), 168(16,17,23-27,
29-19), 169(16,17,23-26,29-31,33-39), 170(37), 171(16,34,37,39), 172(16,17.24-26,25,33,34,37,38), 173(16,34,39), 174(16,17,25,37), 175(16,31,33,37),
176(17), 177(16,17,34,35), 178(17,25), 179(16,34), 180(37), 200(16).

Table IV. Types of G:C base substitition mutations induced by 2-chloroacetaldehyde and its related cyclic adducts

Nao. (%) of mulants

Type of mutation £G*MI3dsDNA in  eC* M13 ssDNA in eC MI13gdDNA in  CAA treated? M13 Our data®
E.coli E.coli E.coli gdDNA in E.coli

GCw AT 134 (99.3) 31 (56.4) (64.0) 20 (72.1) 63 (64.9)

GCtoT:A 0 12 (21.8) (10.9) 20 (18.0) 29 (29.9)

GCto CG 1¢0.7 0 (0 ©) 11 (9.9) 5(52)

I base deletion 0(0) 12 (21.8) (25.0) 0(0) 0(0)

Total 135 (100%) 55 (100%) (100%) 111 (100%) 97(100%)

1Site-specifically incorporated N2 3-ethenoguanine (5'-GG(EG)AAA-3') in double strand MI3DNA was replicated in E.coli cells (11).

bSite-specifically incorporated 3,-ethenocytosine (5'-TAG(EC)GGG-3') in single strand M13DNA was replicated in E.coli cells (3).

tSite-specifically incorporated 3, M*-ethenacytosine (5'-TT(eC)TT-3") in gapped duplex MI3DNA was replicated in E.coli cells (10). Mutation was analyzed
by the multiplex sequence analysis.

9The CAA treated gapped duplex MI3DNA was replicated in UV-imradiated E.coli cells (13).

®Data contain &l single, tandem and multiple base substitutions.
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Table V. Types of A:T base substitution mutations induced by 2-
chloroacetaldehyde (CAA) and its related cyclic adducts

Type of No. (%) of mutants
mutation
EA*MIT Bt MI3 CAA treated® Our data?
ssDNA in ssDNA in Mi3 gdDNA
E.coli E.coli . in E.coli
ATt GC 17(56.7) 11 (68.8) 4(174) 10 (76.9)
ATto TA 5067 2(12.5) 18 (78.3) 2(154)
AT to C:G 8 (26.7) 3(18.8) | (4.3) 1 (1.7}
Total 30 (100%) 16 (100%) 23 (100%) 13 (100%)

#3ite-specifically incorporated | N-ethenoadening (5'-GCT(eA)GC-3') in
single strand MI3DNA was replicated in E.cofi cells {9).

bSite-specifically incorporated 4-amino-S-(imidazol-2-yl)imidazole (B) [5'-
GCT(B)GC-3') in single strand MI3DNA was replicated in E.coli cells (9).
“The CAA treated gapped duplex M13DNA was replicated in UV-irradiated
E.coli cells {13). )

SData contain all single, tandem and multiple base substitutions.

mutation fixation in E.celi and human cells, the contradicting
results with M13 may be due to the difference in the sites of
the adducts produced in DNA as the adducts are located in
the single stranded region of the gap in the gapped duplex
DNA (13).

The shuttle vector plasmid pMY 189 designed to be applied
to the fluorescent dye primer cycle sequencing by an automatic
. DNA sequencer, made the analysis of the nucleotide sequences
of the mutant supF genes easier and faster than the conventional
radioisotope labelling and autoradiography method. This
. method also made the analysis more accurate than the dye
deoxy terminator cycle sequencing method using the automatic
DNA sequencer we previously used (33).

In conclusion, we found that about half of the CAA-induced
mutations were G:C to A:T transitions and that most of the
remaining mutations were G:C to T:A transversions and A:T
to G:C transitions in the shuttle vector plasmid pMY189
propagated in human cells. G:C pairs in 5'-AAGG-3’ or 5'-
CCTT-3' sequences are the major target of mutations, mainly,
G:C to A:T transitions. This sequence specificity can be
extrapolated to the estimation of contribution of VC to carcino-
genesis in human beings.
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ABSTRACT

The steroid So-reductase {5a-R) plays an important
physiological reole In the conversion of steroid
hormones such as androgen and progesterone to
their 5a-reduced derivatives. 5¢-R type Il (5a-R2), one
of two 5u-R isoforms, is thought to be a key enzyme
in the generation of neuroactive sterolds in the brain,
particulatly allopregnanolone (AP}, via the production
of its precursor dihydroprogesterone from proges-
terone. In the present study, we investigated possible
regulatory mechanisms of 50-R2 gene expression by
steroid hormanes in the female mouse brain. We first
cloned mouse 5a-R2 (m5a-R2) ¢DNA by degenerate
PCR, and found that progesterone Induced 5¢-R2
gene expression to levels detectable by In situ
hybridization in female mouse brains. Functional
analysis of the m5a-R2 gene promoter by a transient
expression assay with human progesterone receptor
{PR) and androgen receptor (AR) expression vectors
identified a progesterone and androgen regulatory
element (m5x¢-R2 PRE/ARE). Results of an electro-
phoretic mobility shift assay revealed that both PR
and AR homodimers bound directly to m5¢-R2 PRE/
ARE sequence. These findings suggest that the gene
expression of m5a-R2 Is transcriptionally regulated
by progesterone in female brains.

INTRODUCTION

The steroid So-reductase (Sa-R) is a key enzyme in the
conversion of several A4-3keto steroids such as testosterone,
progesterone, aldosterone and corticosterone, into their respec-
tive Sa-reduced derivatives (1-3). Two isoforms of 5¢-R have
been identified. While these isoforms catalyze the same reaction,
they possess different biochemical and pharmacological prop-
erties, and display distinct expression patterns in tissues (4-7).
Type I (5o-R1) is widely distributed throughout the body, and
is most abundant in the liver where it catabolizes steroids.
Type II (S0-R2) is primarily expressed in target tissues for

DDBJEMBL/GenBank accession nos AB049455 and AB049456

androgens, such as the prostate and seminal vesicles, and is
responsible for converting testosterone into dihydrotesto-
sterone (DHT), a potent natural androgen. Impaired 5¢-R2
activity caused by mutations in the human 5¢-R2 gene results
in insufficient DHT production, leading to male pseudo-
hermaphroditism (5,8). Recently, it was found that 50-R2 was
expressed in male rat brains at detectable levels after testosterone
was given. This raised the possibility that the testosterone-
induced up-regulation of 50t-R2 gene expression and resultant
enhanced production of DHT was important for mediating the
male sexual behavior and aggression that occurred during a
very critical period (9). In contrast, the physiological role of
50-R2 in the female brain remains largely unknown.

50-R2 is also known to metabolize progesterone into dihydro-
progesterone (DHP), and DHP is further converted into
allopregnanolene (AP) by 3a-hydroxysteroid dehydrogenase
(30-HSD) (10,11). AP is thought to exert anti-convulsant and
anxiolytic-like actions (12,13) by binding to allosteric sites on
neurotransmitter-gated ion channels, such as the y-amino
butyric acid type A (GABA,) receptor (14-16). When brain
progesterone and AP levels are increased during pregnancy or
transient stress, expression of genes for GABA,, receptor inhibi-
tory subunits a4 (17-20) were shown to be down-repulated,
possibly resulting in the potentiation of AP action through
enhanced GABA , receptor function. Nonetheless, there is little
information conceming the effects of progesterone on 50-R2
gene expression in the female brain.

Androgens and progesterone are believed to mediate their
effects through the transcriptional contrel of specific sets of
target genes via nuclear receptors (21-23). Androgen receptor
(AR) and progesterone receptor (PR) are members of the
nuclear receptor superfamily, and act as hormone-inducible
transcription factors that bind specific DNA elements as
homodimers (24-28). The DNA elements that bind AR and PR
share the common sequence 5-AGAACANNNTGTTCT-3,
known as the consensus progesterone/androgen response
element (PRE/ARE) (29). As both hormone receptors recognize
the same sequence, it is likely that the same genes are regulated
when either AR or PR are present in a given tissue or cell (30-33).
Therefore, the fact that the transcriptional control of 50-R2 is
regulated by the DHT-AR system in the male brain raises the
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possibility that progesterone may act as a positive regulator for
50-R2 pene expression in the female brain.

To test this hypothesis, the present study was undertaken to
examine 50t-R2 gene expression in female mice. First, the
cDNA of mouse 50-R2 (mSct-R2) was amplified by degenerate
PCR and cloned. The 5¢t-R2 gene expression was induced by
the treatment of either progesterone or androgen in female
mouse brains. /n sitw analyses of female brains detected the
50-R2 transcript in the hippocampus of the mice treated with
progesterone. Furthermore, the putative PRE/ARE was identified
in the m50-R2 gene promoter. Thus, our results suggested that
the progesterone-induced expression of 5a-R2 promoted AP
production in the female brain.

MATERIALS AND METHODS

RNA isolation and molecular cloning of 5¢-R2 ¢DNA in
the mouse kidney

Total RNA was isolated from kidneys of 10-week-old female
mice (ICR CD1; Charles River Laboratories, Inc.) using isogen
solution (Nippongene) and reverse transcribed using an
oligo(dT),; primer and SuperScript II reverse transcriptase
(Life Technologies,
performed using specific primers based on homologous
regions of rat and human S50-R2 sequences (14,8): 5'-
ATGCAGATTGTCTGCCAKCAG-3' (nucleotides 1-21) and
5-TTAAAAGATGAATGGAAT-3" (nucleotides 745-765).
PCR products of the expected size (765 bp) were subcloned
into the pcDNA3 expression vector under control of the
cytomegalovirus promoter (Invitrogen), and subjected to
sequence analysis using a Prism 377 DNA (Applied Biosystems).

Plasmid construction

¢DNA encoding m50-R2 and the mutant G34R (34) was
subcloned into the pcDNA3J (Invitrogen) expression vector. A
series of deletion mutants of the m35@-R2 gene promoter,
consensus PRE/ARE (5-AGAACATCCTGTTCT-3") (x2)
with the thymidine kinase (tk) short promoter, and m50-R2
PRE/ARE %2 with the tk short promoter were subcloned into
the pGL3 reporter plasmid (Invitrogen). The 5'-flanking region
of the m5a-R2 gene was isolated by the inverse PCR. Primers
recognizing the predicted start of exon 1 (5-CCAAAGCACA-
GGATCAGGGT-3"), and predicted end of exon 1 5-TTGGAC-
CTCCGGGGAATGTG-3") were used to amplify product from
circularized genomic DNA.

Converting activity of 5a-R2

50-R2 activity was assayed using the nuclear receptor-mediated
transactivation method (35), COS-1 cells were maintained in
DMEM without phenol red and supplemented with 5% FBS
stripped with dextran-coated charcoal. Cells cultured with
precursors were transiently transfected with 50 and 5 ng
expression vectors for nuclear receptors and m5a-R2, respec-
tively, and 0.5 pg reporter plasmid (Firefly luciferase) using the
Lipofectin reagent (Gibco BRL). Bluescribe M13+ (Stratagene)
was used as a carrier to adjust the total amount of DNA to 1.5 pg
for transfection and 1 oM stercid hormone used as a positive
control. Transfection efficiency was normalized according to
Renilla luciferase activity (derived from pRL-CMV) as an
internal control. The m50-R2 enzyme activity was assayed

Inc.). Degenerate PCR was then .

also by in vitre converting method (36) with the cell extract
{10 mM Tris—HCIl pH 5.0, 150 mM NaCl, 1 mM EDTA, 10%
glycerol) of COS-1 cells transfected with the m5ct-R2, rat 5a-R2
or mutant G34R expression plastnids. The cell extracts (30 pg
protein) were incubated in 0.1 M Tris-HCI buffer pH 5.0
containing either 5 pM ["Clteststerone or progesterone
(NEN™ Life Science Product) and 5 mM NADPH (Sigma) for
1'h at37°C, The labeled steroids were extracted into methylene
chroride, resuspended in chloroform-methanol (3:1, v/v) and
developed by chloroform—ethylacetate (2:1, v/v) onto Silica
Gel 60 F,5; TLC plates (Merck) with the detection of converted
steroids by autoradiography.

Animals and experimental protocols

Ten-week-old female mice, weighing ~20 g, were fed a
standard rodent chow with free access to food and tap water.
Four hours after subcutaneous injection of progesterone (500
pg/mouse) or testosterone (500 pg/mouse), the mice were
sacrificed according to principles and procedures outlined in
the NTH Guide for the Caze and Use of Laboratory Animals.

In situ hybridization

Brain tissues were fixed in 4% paraformaldehyde, and dehy-
drated with increasing concentrations of ethanol prior to
paraffin embedding. Antisense and sense riboprobes were
generated from nucleotides 1-765 of m50-R2 cDNA in
pcDNA3 using the DIG RNA labeling kit (Bochringer
Mannhein). Paraffin-embedded tissue sections of adult mouse
brain were placed on micrescope slides, hybridized to ribo-
probes, and incubated with horseradish peroxidase-conjugated
anti-DIG antibody (Boehringer Mannhein) using the ISHR
starting kit (Nippongene). For in situ hybridization signal
amplification, the slides were incubated with biotinyl tyramide
and horseradish peroxidase-conjugated streptavidin using the
TSA™-INDIRECT kit (NEN™ Life Science Products) and
stained with diaminobenzidine,

Semi-quantitative RT-PCR

Aliquots of total RNA (3 pg) extracted from mouse brains were
reverse-transcribed using the SuperScript pre-amplification
system (Gibco BRL) according to the manufacturer’s instruc-
tions. PCR was performed in a 25 pl reaction volume containing
1 pl 1720 reverse transcription mix solution, 0.4 pM primers,
0.25 mM dNTPs and 0.125 U AmpliTaq Gold DNA polymerase
(Perkin-Elmer). After 5 min pre-incubation at 96°C, amplification
of mouse 5ut-R2, histidine decarboxylase (HDC) (37) or B-actin
¢DNA was performed for 35, 35 or 25 cycles, respectively.
Cycles consisted of 1 min denaturation at 96°C, 1 min annealing
at 56°C and | min extension at 72°C. Primers sets used were as
follows: 5-TTGGACCTCCGGGGAATGTG-3" and 5-GGCTG-
GAACAGACCAAGTGG-3 for m5a-R2, 5'-CATCAAGCAGC-
CAGGAGCCAGTCTG-3" and 5-GCACGGTAGCTGGCGA-
GCACACTG-3' for mouse HDC, 5-TGGAATCCTGTGGCATC-
CATGAAACT-3" and 5-TAAAACGCAGCTCAGTAACTGT-
CCG-3 for mouse B-actin.

Primer extension analysis

Poly(A)* RNA was isolated from total RNA by oligo{dT) affinity
chromatography and 1 fig mixed with 2 pmol 5-32P-labeled
primer corresponding to nucleotides 55 bp downstream from the
translational start site (5“TGGCCAATGTGGCGCTACCT-3).
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Figure 1. Molecular cloning of mSo-R2 ¢DNA. (A) Predicted amine acid
sequence comparison of 50:-R2 protein between mouse and other species,
Aslerisks indicate the point mutation sites found in human 50-R2 deficiency
disease (34). (B) Homology between the mouse, rat, human and monkey 5o-R2
proteins {2). (C} in virro-translated mSe-R2 protein. m50-R2 protein in vitro
translated in the presence of *S-labeled methionine using the reticulocyte
lysate system (Promega) was analyzed by 10% SDS$-PAGE.

Resctions were denatured by heating at 60°C for 60 min, then
annealed at room temperature for 90 min. Primer extension
proceeded at 37°C for 60 min with 15 U/ul of SuperScript I
reverse transcriptase (Gibco BRL), 1x first strand buffer, 75 mM
K(Cl, 3 mM MgCl,, 10 mM DTT and 0.4 mM dNTPs. After
ethanol precipitation, products were analyzed on 8% acryla-
mide-7 M urea sequence gels. The subcloned 5'-flanking
region was sequenced using the same primer using the
Sequencing PRO DNA Sequencing Kit (Toyobo) and electro-
phoresed on the same gel (38).

Electrophoretic mobility shift assay (EMSA)

Nuclear extracts were prepared from COS-1 cells transfected
with the expression plasmids. Reaction mixtures in the absence
or presence of cold consensus PRE/ARE were incubated for
30 min on ice in binding buffer (5 mM Tris—HCI pH 8.0, 40 mM
KCl, 6% glycerol, | mM DTT, 0.05% Nonidet P-40), and 2 g
of poly(deoxyinosinic-deoxycytidylic) acid in a final volume
of 20 pl. Double-stranded consensus PRE/ARE (5'-pggptac-
cAGAACATCCTGTTCTggtaccee-3") and m5a-R2 PRE/ARE
(5 -catgtgaGGGACAAACTTTT C Tecaagget-3) DNA  frag-
ments were end-labeled using [y-**PJATP and T4 polynucle-
otide kinase and used as probes. PRE/ARE DNA fragments
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Figure 2. Enzyme activity of m5¢-R2 transiently transfected in COS-1 cells,
Conversion of testosterone, serving as an AR ligand, into DHT, a potent ligand
for AR (A); and progesterone, serving as a PR lipand, into the inactive ligand
DHP (B) by m5o-R2. COS-1 cells were co-transfected with the Juciferase
reporter plasmid containing two copies of consensus PRE/ARE (cPRE/ARE),
and the expression plasmids containing AR, PR, m50t-R2 or m30-R2 mutant
(G34R), with or without the indicated ligands. Human 50-R2 mutant G34R
results in reduced enzyme activity (34). Fold luciferase activities corresponding to
means £ SEM for three independent experiments are shown. fn vitne converting
method {C) was described im the Materials and Methods (36), The conversions
of testosterone into DHT and progesterone into DHP by So-R2 are shown in
lanes 1=4 or 58, respeclively. rSo-R2, rut 50-R2 (4).

were added to the mixtures, and further incubated for 20 min at
room temperature. Entire reaction mixtures {20 pl) were then
loaded onto 4.5% polyacrylamide gels in 0.25x TAE buffer
and electrophoresed at 4°C. The gels were dried on filter paper
and exposed to X-ray film (39,40).

RESULTS

cDNA cloning of mouse 5a-reductase type IT(50-R2)

m5a-R2 ¢DNA was isolated by PCR amplification using
degenerate primers based on homologous sequences between
human and rat 5a-R2 cDNAs. The isolated cDNA (765 bp)
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Figuvre 3. Indaction of m50-R2 gene expression in adult female mice brains by
the administration of progesterone, m50i-R2 gene expression was detected by
in it kybridization (A), and semi-quantitative RT-PCR (B) in the brains of
female adult mice to which 500 pg of progesterone had been administrated 4 h
previously, (A) mS5o-R2 gene expression induced by progeslerone was
detected in the hippocampus. {(B) Bands were obtained by semi-quantitative
RT—PCR on total RNA extracted from individual mouse brains with or without
the administration of progesterone. HDC was used as 4 positive control for
progesterone administration (37), m3c-R2 gene expression was induced by
progesterone in the female adult brain.

contained an ORF that encoded a putative 254 amino acid
protein that showed high similarity to rat {94.9%) and human
{75.7%) 50-R2 sequences (Fig. !A and B) (1). Amino acids
critical for enzymatic function assumed from human genetic
diseases were mostly identical to those mouse and rat
sequences (indicated by asterisks, Fig. 1A) (5,34). The cloned
m35¢-R2 ¢cDNA was in vitro translated resulting in a 29 kDa
protein (Fig. I C), in agreement with the predicted molecular size.

We then tested the enzymatic activity of the recombinant
m5a-R2 using a nuclear receptor-mediated transactivation
system (35). This system is based on the principle that the
transactivation function of a nuclear receptor is initiated only
by its endogenous ligand, and not by ligand precursors or
metabolites (16). In the present study, the ability of m5c-R2 to
metabolize androgen and progesterone was assessed with
respect to the ligand-induced transactivation functions of AR
and PR. While AR transactivation function was clearly
induced by DHT, only a slight induction by testosterone was
seen (Fig. 2A). The expression of m50-R2 led to a 2-fold
increase in testosterone-induced AR transactivation function
(Fig. 2A, compare lanes 4 and 10). However, a putative inactivation
mutant of m5a-R2 (GMR) failed to potentiate testosterone-
induced AR transactivation function (34). Thus, our results
suggested that the enzymatic conversion of testosterone into DHT
was mediated by mSo-R2, Unlike the enhanced transactivation
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Figure 4. Promater analysis of the m50-R2 gene. (A) Nucleotide sequence of
the 5°-flanking region of m50t-R2. Transcription start site is designated as +1,
and putative eis regulatory elements are underlined. Translational start codon
is indicated by closed triangle (+90). STRE, stress-response element; AP-4,
activator protein 4; SRY, sex-determining region Y gene product; Spl, stimulating
protein 1; CREB, cAMP-responsive element binding protein; AP-1, activator
protein 1; M, initiation codon. (B} Identification of the trankcription start site
of the m30t-R2 gene. Primer extension analysis of mouse kidney Sot-R2
mRNA was performed using 1 tg poly(Ay RNA (lane 1) using a labeled
primer, Primer extension products were co-clectrophoresed with sequencing
reaction products using the same primer to determine the precise start site. The
major transcription start site (+1) is indicated by an arrow on Lhe right, and the
position of the TATA box (~30) is indicated by an arrow on the jeft,

of testosterone-bound AR by m50-R2, the progesterone-induced
transactivation function of PR was reduced by the presence of
m5a-R2 (Fig. 2B, compare lanes 4 and 8). This was due to the
metabolic inactivation of progesterone into DHP, as mutant
50-R2 (G34R) did not exhibit this effect, Moreover, we
performed the in vitro converting assay (36) to confinm the
5a-R2 enzyme activity (Fig. 2C). The conversions of
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sterone in the m5¢-R2 gene promoter. COS-1 cells were transienily co-iransfected
gene (A}, putative m50-R2 PRE/ARE in the promoter region, or
progesterone, respectively. Fold increases in luciferase activity are based on each

of the activities without ligand. Fold luciferase activities corresponding to means + SEM for three independent experiments are shown,

testosterone into DHT and progesterone into DHP by 50-R2
were detected with equal efficiency by the rat 5a-R2 enzyme
(Fig. 2C, compare lanes 2 and 3, or lanes 6 and 7). Thus, the
cloned m5¢-R2 appeared to possess the expected activities in
steroid metabolism.

Progesterone-induced 5a-R2 gene expression in the
hippocampus of female brains

As m50-R2 is thought to metabolize steroids into neurosteroids in
the brain, the expression of 5at-R2 was examined in male and
female mouse brains. No expression was detected in female
brains by /n siru hybridization. However, 4 h after the administra-
tion of progesterone (500 pg per mouse), clear mSq-R2

. mRNA expression was detected in the hippocampus (Fig. 3A).
RT-PCR (Fig. 3B) and northern blotting analyses confinmed the
induction of the m5¢-R2 gene in female brains by progesterone,
while androgen induced the m50-R2 gene in the male brain
{data not shown) as expected from previous reports (9).

Isolation of the 5'-flanking region of the m5c-R2 gene and
identification of the transcription initiation site

To address whether m50-R2 gene induction in female brains by
progesterone involved tanscriptional or post-transcriptional
mechanisms, we directly assessed the promoter function of the
m50a-R2 gene, We first isolated the 5'-flanking region of the
50-R2 by inverse-PCR using primers that corresponded to the
exon 1 sequence, and a genomic fragment 780 bp upstream of
the putative translation start site (ATG codon) was cloned
(Fig. 4A) (41). Using this cloned genomic fragment, the tran-
scription start site was determined by the primer extension

method (38). Results indicated that the start site was located 89 bp
upstream of the ORF, with a TATA box 30 bp upstream (Fig. 4A
and B). A sequence closely related to the consensus PRE/ARE
sequence (designated as m50-R2 PRE/ARE hereafter) was
present 637 bp upstream of the transcription start site, indi-
cating possible regulation by progesterone and androgen via
this element.

Identification of a progesteronefaudrogen response
element (PRE/ARE) in the m5u-R2 gene promoter

We then tested the function of the PRE/ARE-like sequence of
m5a-R2 using a transient expression assay with expression
vectors for PR and AR in COS-1 cells, and luciferase reporter
plasmids bearing a serics of the deletion mutants of the mSo-R2
gene promoter (Fig. 4A). Promoters with the intact m5¢-R2
PRE/ARE conferred both androgen- and progesterone-specific
responses in the presence of cognate receptor. Howevet, deletion
of m5a-R2 PRE/ARE caused complete loss of responsiveness
to progesterone and androgen without reduction of basal mSa-R?
gene promoter activity (Fig. 5A). Like consensus PRE/ARE,
m30-R2 PRE/ARE conferred responsiveness to both hermenes
even when driven by the basal thymidine kinase (tk) promoter
(Fig. 5B).

We then examined whether AR or PR homodimers directly
bound to the identified m5a-R2 PRE/ARE, An EMSA was
performed wsing the consensus PRE/ARE prepared for the
transient expression assay (Fig. 5B) as a positive control. As
shown in Figure 6, both AR and PR effectively bound both
consensus and m5a-R2 PRE/ARE scquences (Fig. 6, lanes 2
and 5; 9 and 12). Moreover, in the presence of excess cold
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Figure 6. m5a-R2 PRE/ARE binding by AR and PR. EMSA was performed
using [Y-¥P]ATP-labeled consensus PRE/ARE (fanes 1-7) or m56-R2 PRE/
ARE (Janes 8—14). COS-1 cells were transfected with AR {lanes 2, 3,4, 9, 10
and 11} or PR (lanes 5, 6, 7, 12, 13 and 14) expression plasmid, and nuclear
extracts were assayed. After incubation at room temperature with the indicated
labeled probes, the nuclear extracts were electrophoresed on 4.5% polyacrylamide
gels under non-denaturing conditions. Arrows indicate bound AR or PR. Cold
consensus PRE/ARE and cold non-specific indicate non-labeled probes used
for competition assay (lanes 3, 6, 10 and 13) and negative contro! (Janes 4, 7,
11 and 14), respectively.

consensus PRE/ARE DNA, AR and PR binding was abolished
(Fig. 6, lanes 3 and 6; 10 and 13). Thus, taken together, our
results suggested that both hormone-bound steroid receptors
controlled m50-R2 gene transcription through m50-R2 PRE/ARE.

DISCUSSION

To clarify the physiological roles of 50-R2 in the activity of
hormonal and neuroactive steroids in the brain, we studied the
possible regulation of m5c¢-R2 gene expression by one of its
enzymatic substrates, progesterone. We first cloned the m5a-R2
cDNA by degenerate PCR, and found that recombinant m50-R2
protein expressed in cultured cells metabolized progesterone
and androgen as shown using a nuclear receptor-mediated
assay (35). Using the cDNA clone as an /n situ hybridization
probe, we found that mSa-R2 gene expression was undetectable
in the female brain, but was induced up to detectable levels in the
hippocampus of female mice by progesterone. A progesterone
regulatory element was identified as a highly related sequence
to the consensus PREJARE sequence in the m3¢-R2 promoter,
and this element, m5c¢-R2 PRE/ARE, was found to confer
responsiveness to both progesterone and androgen, similar to
consensus PRE/ARE. Thus, transcriptional control of mSa-R2
gene expression by progesterone and androgen appeared to be
mediated through m50-R2 PRE/ARE.

Neuroactive steroids, like AP, are thought to exert behavioral
effects such as convulsant and anxiolytic-like actions through
the modulation of neurotransmitter-gated iron channel functions
through direct binding of their allosteric sites (43). The effects
of neurcactive steroids, especially progesterone derivatives,

appear to be mere prominent in females with premenstrual
syndrome (PMS) (18) or under transient stress (44). Lowered
serurn progesterone levels may lead to PMS due to insufficient
production of neuroactive steroids in the female brain. In
contrast, enhanced production of progesterone during pregnancy
is thought to promote the production of neuroactive steroids.
As 50-R2 converts progesterone into DHP, the precursor of
AP, 50-R2 enzymatic activity in the female brain is likely to be
physiologically important for the action of neuroactive stet-
oids. The significant induction of m50-R2 by progesterone in
female brains was detected only in the hippocampus. There-
fore, the physiological role of 50.-R2 in the hippocampus needs
to be verified by specific disruption of the Sa-R2 gene in the
hippocampus in further animal experiments.

The promoter of the mSa-R2 gene harbored several potential
binding sites for distinct classes of transcription regulatory
factors in addition to PR/AR. Among these, the presence of
two SRY binding sites raises the possibility that m5¢-R2 gene
expression is induced to convert testosterone into the more
active form DHT during embryogenesis to develop male repro-
ductive organs, when SRY plays a critical role in sex determin-
ation (45). Moreover, due to the identification of a PRE/ARE
in the m5a-R2 gene promoter presented in this study, it is
possible that positive feedback regulation of mS¢-R2 gene
expression by androgen occurs during male reproductive organ
development and may occur in adult males to maintain repro-
ductive organ function. Indeed, genetic mutations in 5¢-R2
that impair its enzymatic activity are known to canse the hereditary
disease male pseudohermaphroditism (5,8), clearly indicating
the indispensability of this enzyme in males. However, the
physiological role of 5u-R2 in females remains to be examined
in more detail during embryogenesis and in adulthood.
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Characterization of messenger RNA
expression of estrogen receptor-« and -g
in patients with ovarian endometriosis
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Objective: To evaluate the expression of estrogen receptor (ER)-a and ER- messenger RNA (mRNA) in
ovarian endometriosis. :

Design: Prospective study.

Setting: University hospital.

Patient(s): Patients with endometriosis and patients with uterine leiomyoma or carcinoma in situ.
Intervention(s): A sample of ovarian endometriotic cyst tissue was obtained from each of the 32 patients
during laparoscopic cystectomy. Samples of ovarian tissue and endometrium were obtained from 135 patients
during or just after surgery.

Main Outcome Measure(s): Expression of mRNA for ER-e and ER-8 with use of the reverse transcription-
polymerase chain reaction (RT-PCR) and nonradicactive in situ hybridization (ISH) techniques.

Result(s): Expression of mRNA for ER-« and ER-$ was observed in all of the control tissues from the
normal endometrium and normal ovaries in the RT-PCR and ISH analyses, although the distribution of
positive signals changed in the ISH analysis during different phases of the menstrual ¢ycle, Messenger RNA
for ER-« was detected in all of the ovarian endometriotic cysts analyzed (19 of 19), but mRNA for the ER-f3
was limited (12 of 19) in the RT-PCR analysis. The ISH analysis confirmed the RT-PCR results and revealed
that the two estrogen receptors were localized in both epithelial and stromal cells of endometriotic tissues.
Conclusion(s): The results suggest that predominant expression of ER-c in both glandular epithelial and
stromal cells may be essential to the development and growth of ovarian endometriosis. (Fertil Steril® 2000;
73:1219-25. ©2000 by American Society for Reproductive Medicine.)

Key Words: Estrogen receptor-a, estrogen receptor-B, in situ hybridization, ovarian endometriosis, reverse
transcription-polymerase chain reaction .
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Endometriosis, one of the most common
gynecological disorders, is defined as the pres-
ence of endometrial stroma and epithelium out-
side the uterine cavity (1). Lesions may appear
in the ovary as endometriotic cysts, in which
endometriotic foci are surrounded by a fibrous
capsule that enlarges to form a cyst containing
a dark-brown semifluid substance. Endometri-
osis occurs almost exclusively in menstruating
women of reproductive age. Tt is highly likely,
therefore, that estrogen stimulates the growth
of endometriotic tissue.

It has been hypothesized that estrogen acts
via a single receptor, the classical estrogen re-
ceptor (ER-a) in the formation of endometri-
otic lesions. After the successful cloning of
ER-a complementary DNA (cDNA) (2), many

studies (3—8) were performed to examine the
interaction between endometriotic lesions and
ER-a. Recently, a novel estrogen receptor, ER-f3,
was cloned (9, 10). The ER-8 messenger RNA
{mRNA) expression has been detected in sev-
eral organs, including testes and ovaries (11).

We analyzed the expression of ER-B
mRNA in normal endometrial tissues with
use of the in situ hybridization (ISH) tech-
nique and charted the changes in expression
throughout the menstrual cycle (12). To date,
no studies have examined the localization of
ER-8 mRNA expression in endometriotic le-
sions throughout the menstrual cycle. It is very
important to determine the possible signifi-
cance of the localization of both ER-a and
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Sequences of primers and hybridization probes for ER-a
and ER-8 mRNA.

ER-a TGTGCAATGACTATGCTTCA §52-871
GCTCTTCCTCCTGTTTTTA 982-1,000
CAGCTCGTTCCCTTGGATCTGATGCAGTAG®  132-361

ER-8 GTCCATCGCCAGTTATCACATC [30-151
GCCTTACATCCTTCACACGA 352-371
TGTTGGCCACAACACATTTGGGCTTGTGGT 76-105

* Sequences of hybridization probes.
Matsuzaki. ER-oc and -8 in endometriosis. Fertil Steril 2000,

ER-B mRNA expression in the development and growth of
endometriotic lesions.

In the present study, we used the reverse transcription-
polymerase chain reaction (RT-PCR) method to evaluate the
expression of both ER-¢ and ER-8 mRNA in ovarian endo-
‘metriotic cysts. On the basis of the results of the RT-PCR
analyses, we used the nonradioactive ISH technique to at-
tempt to identify the localization of mRNA for ER-& and
ER-8.

MATERIALS AND METHODS

Experimental Subjects

During laparoscopic cystectomy, a sample of ovarian
endometriotic cyst tissue was obtained from each of the 32
patients (20-39 years of age) participating in this study.
They received no hormonal treatment, such as GnRH agonist
(GnRH-a) or sex steroids, during the minimum 6 months
period preceding surgery and had regular menstrual cycles,
which were determined by their menstrual history and mea-
surement of serum 178-estradiol and progesterone levels,
Fifteen patients were in the follicular phase, and 17 were in
the luteal phase. With use of the revised American Fertility
Society classification scheme (13), we determined the ende-
metriotic stage for each sample. Twenty-three of the samples
were identified as class ITI, whereas the remaining 9 samples
were identified as class IV. All of the endometriotic cysts
were more than 3 cm in diameter and contained a grandular
epithelium surrounded by stromal tissue. The presence of
these features was sufficient to meet the criteria for his-
topathologic diagnosis of endometriosis.

Control tissue samples were obtained from a total of 15
subjects. First, we obtained samples (n = 9) of normal
eutopic endometrium: 3 in the proliferative phase, 2 in the
early secretory phase, 2 in the midsecretory phase, and 2 in
the late secretory phase, as determined by the criteria of
Noyes et al. (14). We then obtained biopsy samples (n = 6)
of normal ovarian tissue: 3 in the follicular phase and 3 in the
luteal phase. The control samples were collected from pa-
tients without endometriosis who had never received hor-

1220 Matsuzaki et al.
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monal therapy but had undergone hysterectomy due to uter-
ine leiomyoma or carcinoma in situ of the uterine cervix.

Each of the fresh tissue samples was divided into two
portions. The first tissue portion was fixed in 4% parafor-
maldehyde (pH 7.4) and embedded in paraffin to permit the
ISH analysis of mRNA from ER-c and ER-8. The second
portion was immediately frozen in liquid nitrogen and stored
at —80°C until it was used in the RT-PCR analysis. All of
the tissue samples were obtained with the patient’s full
informed consent. The human research board of the ethics
committee of Tohoku University School of Medicine ap-
proved the research protocol.

Oligodeoxynucleotide Primers and Probes for
ER-« and ER-J3

Oligodeoxynucleotide primers for the RT-PCR analysis
of ER-¢ and ER-B8 mRNA were designed with use of the
published sequences (15). The PCR product derived from
ER-a mRNA was expected to be 149 bp, whereas that of
ER-B8 mRNA was expected to be 242 bp.

Oligodeoxynucleotide probes with a 3'-biotinylated tail
{Brigati tail; 5'-probe-biotin-biotin-biotin-TAG-TAG-bio-
tin-biotin-biotin-3") were designed for the ISH of ER-a and
ER-3 mRNA. The methods involved in this procedure were
previously described (12, 16). This avoids cross-hybridiza-
tion, which might otherwise occur because of the similarity
between nucleotide sequences of the two ER genes, with
other steroid receptor genes. Table 1 lists the primer and
probe sequences and the locations of the cDNA correspond-
ing to the human ER-a (2) and ER-f (10). Figure 1 shows
the schematic representation of the structures of the ER-cx
and ER-f coding regions {complementary DNA) and the
locations of the primers.

Extraction of RNA and RT-PCR Analysis
Of the 32 endometriotic tissue samples originally in-
tended for the RT-PCR analysis, 19 were included in the

Schematic representation of the structures of the ER-e~ and
ER-f#-coding regions {complementary DNA) and the loca-
tions of the primers used for RT-PCR analysis. The positions
of the translation initiation (ATG) and termination (TGA)
codons are indicated. Black rectangles indicate the primer
locations. Exon boundaries are shown as vertical bars. F =
forward primer; R = reverse primer.

ER & S 7 Izl]:ll Y N N R S K
1 263 2080 2092
(ATG) F R (TGA)
ER 8 5' G+ 1s]s1771 & ]3'
118 1452 1560
(ATG) F R {TGA)

Marsuzaki., ER-o and -B in endomeiriosis. Fertil Sterit 2000,

Vol. 73, No. 6, June 2000



final analysis. Of the 19 samples, 9 were in follicular phase
and 10 were in luteal phase. The remaining 13 samples were
excluded from the RT-PCR analysis because they appeared
to be contaminated with normal ovarian tissue,

Each of the frozen tissue samples subjected to the RT-
PCR analysis was first homogenized, and the total RNA was
extracted with ISOGEN (Nippon Gene, Toyama, Japan),
according to the manufacturer’s instructions. The cDNA was
reverse transcribed at 42°C for 50 minutes in 19 pbL of
reaction solution containing 1 pg of total RNA, 2.5 mM
MgCl,, 5 mM [, 4-dithiothreitol (Cleland’s reagent) (DTT),
0.5 mM dNTPs (0.5 mM each dATP, dCTP, dGTP, and
dTTP), random hexamers (50 ng/mL) (GIBCO BRL, Tokyo,
Japan), and 200 U of Superscript II RT (reverse transcrip-
tase; GIBCO BRL). As a negative control, 1 uL of dietylpy-
rocarbonate-treated distilled water, with no RNA contami-
nation, was subjected to the same RT reaction.

The PCR was performed thereafter in a 50-pL volume of
the final reaction solution containing 2 uL of the RT reaction
product, 5 L of 10X PCR buffer, 2.5 mM MgCl,, 0.5 mM
dNTPs, 0.4 uM of each of the sense and antisense primers
for ER-a or ER-f3, and 2.5 U Taq DNA polymerase (Takara,
Otsu, Japan). Amplification was performed in a PCR ther-
mocyecler (Takara) with use of a hot start. The same cycle
profiles were used for both ER-a and ER-B. The cycles
began with an initial denaturation period at 94°C for 5
minutes, followed by 35 cycles at 94°C for | minute, 60°C
for 1 minute, and 72°C for 1.5 minutes, with a final extension
period at 72°C for 10 minutes. As an external positive
control to test the integrity of the RT-PCR process, expres-
sion of B-actin mRNA was evaluated in each RT reaction
product under the following amplification profile: 95°C for 1
minute, followed by 35 cycles of 94°C for 1 minute, 58°C
for 1 minute, and 72°C for 2 minutes. The PCR products
were subjected to electrophoresis on 2% agarose gels
and visualized by ethidium bromide staining. All RT-PCR
procedures were performed at least twice in separate
experiments.

In Situ Hybridization of ER-« and ER-f

Serial thin sections (3 pm) of paraffin-embedded tissues
were cut and mounted on Probe-On glass slides (Fisher
Scientific, Pittsburgh, PA). The ISH was performed with a
manual capillary action system (MicroProbe staining system,
Fisher Scientific) using a modified version of the methods
reported previously (12, 16-18). Tissue sections were rap-
idly dewaxed, cleared with Auto-alcohol (Research Genet-
ics, Huntsville, AL), rehydrated with a Tris-based buffer, pH
7.4 {Research Genetics), and digested with pepsin (2.5 mg/
mL, Research Genetics) for 4 minutes at 105°C. The probe
in formamide-free diluent was applied to the sections. The
slides were heated to 105°C for 3 minutes, cooled for 1
minute at room temperature, and allowed to hybridize at
45°C for 45 minutes. Thereafter, the sections were washed
three times with 2X SSC (standard saline citrate) at room

FERTILITY & STERILITY®

The RT-PCR detection of ER-a and ER-f mRNA in two
samples of ovarian endometriotic tissues. The molecular
sizes of the specific bands are indicated. Bands, of which
molecular sizes were <100 bp, were derived probably from
primer dimers. (A}, from case no. 6 and (B} from case no. 19
in Table 3. M = molecular size marker (100-bp ladder); fane
1, RT-PCR for ER-a mRBNA; fane 2, for ER-8 mRNA; fane 3,
for B-actin mRNA; and lane 4, negative control without RT.

M1 2 3 4

Matsuzaki. ER-ce and -B in endomeiriosis, Fertil Sterif 2000,

temperature and incubated with alkaline phosphate-conju-
gated streptavidin (Research Genetics). After the sections
were washed, they were treated in AP chromogen buffer (pH
9.5, Research Genetics) at room temperature, and hybridiza-
tion signals were visualized with use of fast red salt (Re-
search Genetics). The sections were counterstained with
hematoxylin, air dried, and coverslipped for microscopic
observation,

Fetal kidney tissues, in which moderate expression of
ER-B8 mRNA has been proven by RT-PCR (19), were used
as positive controls. Negative control experiments were per-
formed with use of sense probes that had complementary
sequences to one of the antisense probes. The results are
shown as the relative intensity of mRNA hybridization sig-
nals. They have been classified as either “no signal over back-
ground,” “equivocally positive signal,” or “positive signal.”
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Results of RT-PCR and in situ hybridization study for ER-o
and ER-B8 in norma! ovaries.

Results of RT-PCR and in situ hybridization study for ER-a
and ER-B8 mRNA in ovarian endometriosis.

ER-a ER-8 ER-a ER-8
RT-PCR ISH RT-PCR ISH ISH 18H
Stage SE SE Case no. Stage RT-PCR G S RT-PCR G S
Follicular {n = 3} + + + + 1 F + + + + + +
Luteal (n = 3) + + + + 2 F + + + - - -
Note: Signal intensity was classified into three categories. — = no signal 3 F + + + - - -
over background; +/— = equivocally positive signal; + = positive signal. 4 F + + F + - -
SE = surface epithelium, 5 F + x = + - -
Martsuzaki. ER-o and -B in endometriosis. Fersil Steril 2000, _6’ E I 1 : t i t
8 F + + = + + =
9 F + + 4+ + + o+
RESULTS 10 F ND + 4+ ND + =
11 F ND + * ND + +
Reverse Transcription-Polymerase Chain 12 F ND + o+ ND - -
Reaction Analysis of ER-a and ER-f3 13 F ND x4 ND - -
The results are shown in Figure 2 and in Tables 2—4. We 14 F ND oo+ ND -
15 F ND + + ND + +
detected the expected 149-bp product for ER-« mRNA and 4 L + . __ _
the 242-bp product for ER-8 mRNA in the normal eutopic 17 L + + o+ + w4
endometrium and in the tissues sampled from normal ova- 18 L + . + o+ + + =
ries. The products could be detected regardless of the phase 17 L + + 4 - - -
of the menstrual cycle during which the samples were ob- 3? II: I : I - -
tained. Messenger RNA for ER-a was detected in all (19 of L + y oa . + =
19) of the endometriotic cyst tissue samples, but expression 23 L + + o+ + + 4
of mRNA for ER-3 was limited to 12 of 19 (63%) of the 24 L + x4 + - -
samples. No difference was observed in ratios of positive- 29 L + + 4 + + %
negative expression of ER-8 mRNA between samples iden- if’, [l: :g : : :g ; ;
tified tf)_be in the fo'llicular phase vs. the Iutgal phase (6.ca5t.3s 28 L ND P ND _
of positive expression and 3 cases of negative expression in =~ 29 L ND + & ND + =+
the follicular-phase samples compared with 6 cases of pos- 30 L ND + o+ ND - -
itive expression and 4 cases of negative expression in the 3l L ND + 0+ ND - -
-
luteal-phase samples). 32 L ND vt ND x 4+
Note: Signal intensity was classified into three categories, — = no signal

Results of RT-PCR and in situ hybridization study for ER-a
and ER-B in the functionalis of eutopic endometrium,

ER- ER-B

ISH ISH

Endometrial dating RT-PCR G § RTPCR G 5

Proliferative {(n = 3) + + + + + +

Early secretory (n = 2} + +  H/x + + X/
Midsecretory (n = 2} + +ix +Hx + *f= xf-
Late secretory {(n = 2) + = /- + *— /-

Note: Signal intensity was classified into three categories. — = no signal
over background; * = equivocally positive signal; + = positive signal.
G = glandular epithelium; § = stroma.

Matsuzaki. ER-c and -B in endometriosis. Fertil Sterif 2000,

1222 Matsuzaki et al.

Estrogen receptor-o and - in endometriosis

over background; & = equivocally positive signal; + = positive signal.
F = follicular phase in menstrual cycle; L = luteal phase in menstruat cycle;
ND = analyses were not performed, because there was evidence that
samples were contaminated by normal ovatian tissue; G = glandular epi-
thelium; S = stroma.

Marsuzaki, ER-o and - in endometriosis. Fertil Sterit 2000.

In Situ Hybridization of ER-« and ER-f

The results of the ISH analysis are shown in Figures 3 and
4 and in Tables 2-4. In the proliferative phase cutopic
endometrium, ER-a mRNA was expressed in both glandular
epithelial and stromal cells, whereas ER-8 mRNA was ex-
pressed predominantly in glandular epithelial cells. Although
the same pattern was observed in the secretory phase, both
ER-& and ER-B mRNA expression in glandular epithelial
and stromal cells were markedly decreased with the progres-
sion of the secretory phase.

In contrast, ovarian surface epithelial cells uniformly ex-
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